Background--Previous studies have reported a protective effect of obesity compared with normal body mass index (BMI) in patients undergoing percutaneous coronary intervention (PCI). However, it is unclear whether this effect extends to the extremely obese. In this large multicenter registry-based study, we sought to examine the relationship between BMI and long-term clinical outcomes following PCI, and in particular to evaluate the association between extreme obesity and long-term survival after PCI.
O besity is a growing health concern worldwide, particularly in developed countries, where there has been an unprecedented rise in the proportion of overweight and obese individuals in the population. 1,2 Obesity is associated with numerous adverse health outcomes including coronary artery disease, stroke, heart failure, and diabetes mellitus and has also been linked to higher rates of mortality. 3, 4 Despite this, several studies in the past have described an "obesity paradox" whereby obesity appears to confer a protective effect compared with normal body mass index (BMI), in a variety of medical conditions. [5] [6] [7] [8] [9] This was also described in the setting of percutaneous coronary intervention (PCI), where overweight and obese patients were shown to have lower rates of short-term mortality compared with normal-BMI individuals. [10] [11] [12] A meta-analysis of over 200 000 patients with myocardial infarction also reported that obese patients have a 30% to 40% lower mortality compared with individuals with normal BMI over a 1-to 3-year follow-up period. 13 However, more recent studies in patients in the contemporary era of PCI have produced conflicting results. [14] [15] [16] [17] [18] In particular, despite extreme obesity (BMI≥40 kg/m 2 ) increasing in prevalence among patients undergoing PCI, few studies have examined long-term clinical outcomes in this group. 19, 20 Studies examining in-hospital mortality of patients undergoing PCI have suggested that although lesser degrees of obesity may be protective, this effect does not extend to patients with extreme obesity. 12, 19 However, very few earlier studies have assessed mortality rates beyond 12 months in patients with extreme obesity undergoing PCI for both stable angina and acute coronary syndromes.
In this study we therefore sought to determine whether an obesity paradox persists in contemporary PCI practice over long-term follow-up and, in particular, to further evaluate the association between extreme obesity and long-term clinical outcomes after PCI.
Methods
Due to the sensitive nature of the data collected for this study, requests to access the data set from qualified researchers trained in human subject confidentiality protocols may be sent to Ms Angela Brennan of Monash University at angela.brennan@monash.edu.
This was a cohort study of patients undergoing PCI between January 1, 2005 and June 30, 2017 inclusive, enrolled prospectively in the MIG (Melbourne Interventional Group) registry. All consecutive adult patients undergoing PCI were eligible for inclusion. We excluded patients in whom height and/or weight was not recorded at the time of PCI, and therefore BMI could not be calculated. Patients who could not be considered for linkage to the Australian NDI (National Death Index) mortality database due to incomplete case information at the time the registry data were sent for linkage were also excluded (n=267).
For all patients included in this study, BMI was calculated by dividing weight (in kilograms) by the square of the height (in meters). Patients were classified into the following 6 groups by their BMI as per the World Health Organization Classification System: underweight (BMI<18.5 kg/m 2 ), normal weight (BMI 18.5-24.9 kg/m 2 ), overweight (BMI 25-29.9 kg/m 2 ), class I obese (BMI 30-34.9 kg/m 2 ), class II obese (BMI 35-39.9 kg/m 2 ), and class III obese (BMI≥40 kg/m 2 ). 21 However, due to the very small sample size in the underweight group (n=232), which is likely to make comparisons with the other groups imprecise, these patients were excluded in deriving our final study cohort.
The MIG registry is a multicenter Australian PCI registry that collects data from 6 participating hospitals, 4 of which are located in metropolitan Melbourne, and 2 hospitals are located in large regional centers. 22 Baseline demographic, clinical, procedural, and in-hospital outcome data are prospectively recorded on case-report forms using standardized definitions for all fields (Table S1 ). Relevant information for 30-day outcomes was obtained through telephone follow-up with further review of medical records performed in patients who reported any events. 23 In addition, mortality data were obtained by linkage to the Australian NDI, a database housed at the Australian Institute of Health and Welfare that contains records of all deaths occurring in Australia since 1980. The censoring date for linkage with the NDI in this study was August 1, 2017. Successful matching of patients through this linkage process was achieved in 99.0% of all patients in the study cohort. The MIG registry has an "opt-out" consent process as previously described and has been granted ethics approval by the ethics committee at The Alfred Hospital (approval number 92/04) as well as by committees at each participating hospital. 22, 23 Baseline and procedural characteristics, as well as inhospital and 30-day outcomes, were compared among the groups. The primary end point was NDI-linked long-term mortality. Secondary end points included death (all-cause mortality and cardiac mortality), myocardial infarction, target vessel revascularization and major adverse cardiovascular events at 30-day follow-up. Major adverse cardiovascular events were defined as a composite of death, myocardial infarction, and target vessel revascularization. Major bleeding was defined as a fall in hemoglobin by >3.0 g/dL and/or requiring transfusion. Use of antiplatelet
Clinical Perspective
What Is New?
• This study shows that the obesity paradox persists in contemporary percutaneous coronary intervention practice, whereby overweight and obese patients have better postpercutaneous coronary intervention long-term survival than those with normal body mass index. • However, our study demonstrates that this protective effect does not extend to patients with extreme obesity.
What Are the Clinical Implications?
• Our study demonstrates that there is a threshold effect to the obesity paradox, which is important for clinicians to recognize when risk-stratifying patients. • We also show that patients with normal body mass index are less likely to receive appropriate secondary prevention therapy compared with their higher body mass index counterparts. • More attention needs to be paid to reducing this treatment gap in clinical practice, which may help improve outcomes in patients with normal body mass index.
therapy, b-blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and cholesterol-lowering therapies (statins, fibrates, and ezetimibe) at 30 days after the index PCI was also compared among the groups. Prescription of postdischarge medications was at the discretion of the treating physician according to contemporary guidelines. Continuous variables are expressed as meanAESD and were compared using a Kruskal-Wallis equality-of-populations rank test. Categorical data are expressed as numbers and percentages and compared using the Pearson chi-squared test or Fisher exact test as appropriate. The Kaplan-Meier method was used to estimate post-PCI survival rates, and the log-rank test was used for survival comparisons. Cox proportional hazard modeling was used to identify independent predictors of the primary end point of NDI-linked long-term mortality. In this model in addition to BMI group, 28 other clinically relevant variables such as sex, cardiovascular risk factors including diabetes mellitus, hypertension, and renal impairment, history of previous myocardial infarction and/or previous stroke, disease extent on angiography, and type of stent used were considered. Aside from the BMI group, only variables with a P<0.10 on univariate analysis that were not collinear were entered into a stepwise backward selection modeling process for multivariable assessment. Complete case analysis was performed for purposes of multivariable modeling (ie, patients with missing values were excluded). The proportion of missing variables was <1% for all variables except smoking status (1.6%), estimated glomerular filtration rate (3.9%), family history of coronary artery disease (4.5%), 30-day medications (7.3%), and left ventricular ejection fraction (11.7%). All statistical analyses were performed using Stata 13.1 software (StataCorp LP, College Station, TX). P<0.05 was considered to be statistically significant.
Results
In total, 25 413 patients were included in this analysis. Of these, 6305 (24.6%) were in the normal BMI category, 10 608 (41.4%) were overweight, 5780 (22.5%) had mild (class I) obesity, 1874 (7.3%) had moderate (class II) obesity, and 846 (3.3%) had extreme (class III) obesity. The mean age of the whole study cohort was 64.2AE12.0 years, and 23.0% were female. Baseline Characteristics Table 1 shows the baseline characteristics of the study cohort stratified by BMI groups. With increasing BMI, patients were younger and had more cardiovascular risk factors such as diabetes mellitus (all P<0.001). The proportion of women was highest at both extremes of BMI and lowest in the overweight group. With increasing BMI, the proportion of patients who presented with non-ST-elevation acute coronary syndromes increased, whereas the proportion of patients who presented with ST-elevation myocardial infarction, out-of-hospital cardiac arrest, and cardiogenic shock decreased (P≤0.001).
Procedual characteristics are shown in Table 2 . As BMI increased, there was more radial access and less femoral access use (P<0.001). There were no significant differences in extent of coronary artery disease or lesion complexity by BMI group. Drug-eluting stents were more frequently implanted in the higher BMI groups (P<0.001). Procedural complications such as coronary dissection and perforation were overall infrequent, but less common in the higher BMI groups (both P<0.04), although the overall proportion of unsuccessful PCIs was similar across the BMI groups (P=0.440). There was also a reduction in the proportion of patients with severe left ventricular systolic dysfunction (left ventricular ejection fraction <30%) at the time of PCI, with increasing BMI (P<0.001).
Clinical Outcomes
In-hospital and 30-day outcomes are shown in Table 3 . A 30day follow-up was completed in 99.6% of the study cohort. There was a J-shaped association between BMI and both inhospital and 30-day mortality, with a steady fall in mortality from the normal BMI group to the moderate obesity group, followed by a substantial rise in mortality in the extreme obesity group (P<0.001). A similar pattern of association was also seen with in-hospital and 30-day major adverse cardiovascular events. With increasing BMI, there was a significant stepwise reduction in in-hospital bleeding (P<0.001). There were no significant differences in 30-day readmission rates across the BMI groups.
All-cause mortality data beyond 30 days were obtained using linkage with the NDI database. Median length of follow-up was 4.4 years (IQR 2.0-7.6 years) overall and similar in all the Figure 1 , and they confirm that patients with extreme obesity had significantly lower long-term survival, compared to the other groups (log rank P<0.001). Using Cox-proportional hazards modelling with the normal BMI group as the reference category, a J-shaped association between BMI and adjusted hazard ratio for NDIlinked long-term mortality was observed ( Figure 2 ). The adjusted hazard ratio (HR) was highest for patients with extreme obesity (HR 1.33, 95% CI 1.07-1.65). Being overweight and having mild obesity both appeared to be protective for longterm NDI-linked mortality, with the latter group having the lowest adjusted hazard ratio. The 3 strongest independent predictors of NDI-linked long-term mortality were stage 4 to 5 chronic kidney disease, cardiogenic shock, and severe left ventricular systolic dysfunction (HR 3.46, 2.98 and 2.50 respectively; all P<0.001) ( Table 4 ).
Secondary Prevention Therapy
At 30 days post PCI, there were no significant differences in use of aspirin, a second antiplatelet agent, or statins across the BMI groups (all P>0.05) (Table 5 ). However, patients with normal BMI were significantly less likely to receive a b-blocker or angiotensin-converting enzyme inhibitor/angiotensin receptor blocker compared with the other BMI groups (P=0.003 and P<0.001 respectively).
Discussion
In this large, multicenter study evaluating the relationship between BMI and long-term mortality in patients undergoing PCI, we observed a J-shaped association between different BMI groups and adjusted mortality risk, with patients at the extremes of BMI experiencing the highest risk. Although an obesity paradox was present with underweight patients having the highest mortality out of all of the groups, it only extended as far as patients with mild obesity. Therefore, patients with extreme obesity remain at significantly increased risk of long-term mortality compared with their healthy weight and less obese counterparts.
The results of our study provide important additional insights to the literature regarding outcomes after PCI in patients with varying BMI. Our results are in accordance with several large studies that have demonstrated a similar association between in-hospital mortality and BMI group. 12, 17, 19 A feature of our study is that very few earlier studies have assessed mortality rates beyond 12 months in extremely obese patients undergoing PCI for both stable angina and acute coronary syndromes. Holroyd et al evaluated mortality up to 5 years after PCI in over 300 000 patients and also found that patients who were overweight and obese (BMI >30 kg/m 2 ) had reduced mortality risk up to 5 years compared with those with normal BMI. 16 However, the authors did not further subdivide obese patients further into degrees of obesity, and therefore no conclusions can be made as to whether extreme obesity remains protective. Interestingly, a subgroup analysis on 15 603 patients who underwent PCI and were enrolled in the Canadian APPROACH registry with a median follow-up of 46 months showed that whereas underweight patients had the highest adjusted mortality risk and moderate obesity was protective, those with extreme obesity had very similar adjusted mortality risk to their normal weight counterparts. 20 It is however difficult to make comparisons with our study to understand reasons behind this difference in outcomes as baseline or procedural characteristics of the PCI subgroup were not presented separately, and medication use data were only available for 12% of the whole cohort (including those not treated with PCI). However, a similar neutral effect of severe obesity (defined as BMI ≥35 kg/m 2 ) compared with normal weight on cardiovascular mortality risk after percutaneous or surgical revascularization was also seen in a recent meta-analysis by Sharma et al, suggesting that further large studies in this area are required. 24 Several possible mechanisms for the obesity paradox have been postulated. In accordance with previous studies, our data show that there was a linear relationship between BMI and the prevalence of comorbidities such as diabetes mellitus, hypertension, and dyslipidemia. However, patients with higher BMI may be more likely to have been screened earlier and aggressively treated for these cardiovascular risk factors, thereby leading to better long-term outcomes despite obesity. 25 Overweight and mild-to-moderately obese patients were also less likely to present with cardiogenic shock and post-out-of-hospital cardiac arrest, factors that are usually associated with poorer outcomes. 26, 27 Similar to other studies, in-hospital major bleeding complications were also lower in overweight and obese patients, which is likely at least in part due to the increased use of radial access in these patients. 16 Excess dosing of anticoagulant and antiplatelet drugs is also potentially less likely to occur in more obese patients, which may also reduce their bleeding risk. Bleeding has been shown to be independently associated with worse short-and long-term mortality and therefore may explain our results to some extent. 28 In our study we also found that increased BMI up to the level of moderate obesity was associated with an increased use of guideline-based medical therapy, in particular bblockers, renin-angiotensin-system blockers, and statins. Previous studies have shown that increased use of evidence-based cardiovascular medications is associated with lower long-term mortality after PCI. 29 Nonpharmacological measures such as smoking cessation, dietary counseling, and cardiac rehabilitation referral have been shown to be employed more frequently in overweight and obese patients as well, which could also account for the improved outcomes. 30, 31 With an increase in the proportion of overweight and obese individuals in the general population as well as in those undergoing PCI, it has also been proposed that the worse prognosis observed in patients with normal BMI may be due to the effect of residual confounding. 17, 19 Given that 67% of the Australian population are overweight or obese, even having a normal BMI may potentially reflect the presence of unmeasured serious comorbidities that carry substantial mortality hazard. 32 Previous studies have indeed shown that patients with low BMI have higher rates of noncardiac mortality. 33, 34 In our study we also observed an inverse relationship between BMI and the presence of comorbidities such as chronic obstructive pulmonary disease and peripheral vascular disease. However, we were unable to account for the prevalence of serious conditions such as cancer, dementia, malnutrition, and overall measures of frailty, which could explain the higher mortality in patients even with normal BMI. 35 Finally, there is also evidence that adipose tissue may itself have potentially cardioprotective effects by producing hormones such as leptin and adiponectin. 36 These hormones have anti-inflammatory and antiapoptotic properties and might reduce infarct size. 37, 38 Obesity-inducing high-fat diets in rats have also been shown to be cardioprotective. 39 Obesity may also be protective against malnutrition following a major cardiac event or procedure. 40 However, the increase in mortality seen in patients with extreme, class III obesity suggests that there is likely a threshold effect. Therefore, as BMI increases to over 40 kg/m 2 , the protective effects of milder degrees of obesity may be abrogated by the deleterious effects of extreme obesity including alterations in cardiac structure and function, potentiation of an inflammatory and prothrombotic state, and increased noncardiovascular mortality. [41] [42] [43] This may explain why the obesity paradox did not extend to the extremely obese in several studies including ours. 17, 44 
Limitations
Our study has several limitations. First, due to the retrospective design of this study, we were unable to account for all potential confounding factors such as socioeconomic status, noncardiac comorbidities such as cancer, as well as measures of frailty, which can all potentially affect post-PCI short-and long-term mortality. Second, BMI measured at the time of PCI might not necessarily reflect BMI at the time of linkage with the NDI, which was on average 4 years after the index PCI procedure. It is also not known how dynamic weight changes might impact clinical outcomes among patients whose weight had changed between the index PCI and the time of NDI linkage. Third, we did not capture measures of central adiposity such as waist circumference and waist-to-hip ratio, which have been shown to be better predictors of cardiovascular outcomes than BMI alone. 45, 46 However, BMI is the measurement used and endorsed by the World Health Organization to classify obesity worldwide given its simple and easily quantifiable nature, and it was therefore chosen for this study. Finally, we did not have data on the use of guideline-recommended secondary prevention therapy beyond 30 days after PCI, which might also have explained some of the differences in mortality among BMI groups. 40 
Conclusions
In conclusion, there remains an obesity paradox with regard to long-term mortality in patients undergoing PCI in contemporary practice, with mildly obese patients having the lowest adjusted mortality hazard. However, this protective effect does not extend to patients with extreme obesity. Factors behind this phenomenon are likely multifactorial and require further mechanistic and epidemiological studies. 
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Variable Definition
Baseline characteristics
Body mass index Calculated from weight (in kilograms in light clothing) and height (in metres in bare feet), using formula: weight / height 2
Diabetes mellitus
Documented history of diabetes regardless of duration of disease or need for anti-diabetic agents
Hypertension
Must have one of the following documented findings -History of hypertension diagnosed and treated with medication, diet and/or exercise.
-Blood pressure >140 systolic or >90 diastolic on at least 2 occasions.
-Currently on antihypertensive medication.
Dyslipidemia
Must have one of the following documented findings -History of dyslipidemia diagnosed and/or treated by a physician.
-Cholesterol > 5.0 mmol/L, HDL < 1.0mmol/L or Triglycerides > 2.0mmol/L. 
Smoking status
Previous stroke
History of stroke or cerebrovascular accident (CVA), resulting from an ischaemic or intracerebral haemorrhagic event ONLY where the patient suffered a loss of neurological function with residual symptoms remaining for at least 72 hours
Previous myocardial infarct (MI)
At least one documented MI greater than 7 days prior to admission.
